Spatial distribution of cell turgor pressure, cell osmotic pressure and relative elemental growth rate were measured in growing tall fescue leaves (Festuca arundinacea). Cell turgor pressure (measured with a pressure probe) was c. 0.55 MPa in expanding cells but increased steeply (j0.3 MPa) in cells where elongation had stopped. However, cell osmotic pressure (measured with a picolitre osmometer) was almost constant at 0.85 MPa throughout the leaf. The water potential difference between the growth zone and the mature zone (0.3 MPa) was interpreted as a growth-induced water potential gradient. This and further implications for the mechanism of growth control are discussed.

Expansive growth is very sensitive to water shortage (Hsiao, 1973) . Part of this sensitivity is due to the need to draw water and solutes from a distant vascular system into expanding cells (Boyer, 1988) . However, the extent to which cell expansion is limited by the hydraulic conductivity of tissues versus mechanical properties of cell walls or solute accumulation remains unclear (Ray et al., 1972 ; Boyer, 1988 ; Cosgrove, 1993 ; Frensch & Hsiao, 1995) . One reason for this uncertainty is the difficulty of obtaining clearly defined data on the water status of the source (xylem) and the sink (growing cells) in growing tissues. When leaves do not transpire, mature tissues exhibit a water potential that is close to soil water potential throughout their length. Since a water flow is required for cell expansion, water potential should be lower in the growing cells. The importance of this growth-induced water potential difference has been a matter of debate for many years (Cosgrove, 1987 ; Malone & Tomos, 1992 ; Nonami Abbreviations : π, cell osmotic pressure ; P, cell turgor pressure ; REGR, relative elemental growth rate ; ψ, water potential. *Author for correspondence (fax : 33 5 49 55 60 94 ; e-mail jldurand!lusignan.inra.fr). & Boyer, 1993) . Much of the discussion was focused on research on growing hypocotyls and roots (Pritchard et al., 1996) , the leaf receiving less attention (Fricke et al., 1997 ; Fricke & Flowers, 1998) .
The aim of this article is to establish whether a difference in cell turgor pressure and water potential exists between growing and non-growing tissues in a non-transpiring tall fescue leaf, and if so whether such a difference is related to cell elongation.
  

Plant material and growth conditions
Individual tillers from tall fescue plants (Festuca arundinacea Schreb. cv. Clarine) were vegetatively propagated, grown in a glasshouse in 250 ml pots filled with vermiculite and irrigated with the nutrient solution described by Maurice et al. (1997) .
One wk before the experiments all tillers, except one which had three mature leaves, were removed. Pots were then transferred to a controlled environment cabinet. The PPFD was 380p10 µmol m −# s −" (provided by HQI-T 400 W\D lamps, Osram, Germany) during the 14 h photoperiod. Relative P. Martre et al.
humidity was controlled at 68p5% throughout the 24 h period, and air temperature was maintained at 16 : 22mC (light : dark) in order to provide a constant temperature (21p0.5mC) within the leaf growth zone. The predawn leaf water potential, measured with a pressure chamber, was k0.28p0.05 MPa. Measurements were taken on the fifth leaf when it was 20p1 cm long (i.e. 50% of its final length). At this developmental stage the ligule was approx. 1 mm from the leaf base. The average daily elongation rate was 1.4p0.3 mm h −" .
One set of plants (Set 1) was used to compare the growth zone of expanding leaves with the lamina of mature leaves. In this case, turgor pressure (P ; see Abbreviations), osmotic pressure (π) and relative elemental growth rate (REGR) were measured on different batches of plants. A second set of plants (Set 2) was used to study the variations of P and REGR along the same growing leaf.
Relative elemental growth rate (REGR)
In the Set 1 plants, REGR was determined using the pricking method described by . Briefly, holes were pricked every 2.5 mm through the basal part, 60 mm in length, on 11 tillers. Pricking was performed at the beginning of the dark period and tillers were sampled c. 9 h later. The elongation of leaves between pricking and sampling never exceeded 20% of growth zone length. The REGR was calculated using the method of Durand et al. (1995) .
In the Set 2 plants both REGR and P were determined on the same leaves. At the beginning of a dark period, a ' window ' (2 mm wide) was carefully cut through the mature sheaths overlying the growing leaf, between 10 and 70 mm from the leaf base. After deposition of fine pigment ink points (0.1 mm diameter) every 2.5 mm, the window was rapidly covered with vaseline to avoid transpiration. The exact distance between the marks was measured with a magnifying glass scale (accuracyp0.1 mm). The window was then closed by replacing the pieces of sheaths previously removed and recovered with tin foil, and the plant was returned to the growth cabinet. The distance between marks was measured again 9 h later and REGR was calculated in the same way as for the pricking method. Plants with an elongation rate which had reduced by 20% were discarded.
Cell turgor and osmotic pressure
Cell turgor pressure (P) was determined using a pressure probe (Hu$ sken et al., 1978) . The plant was placed in low-transpiration conditions (darkness, ambient temperature and humidity), and the probing zone was illuminated with a green fibre optic. Measurements were completed within 4 h after the installation of the plant at the probing stage. No change in P was detected during that period.
In growing leaves measurements were taken on the first four layers of mesophyll cells. As no difference was observed, data from all the layers were combined.
In the Set 1 plants P was measured between 10-20 mm from the leaf base of 7 tillers. Two nights before P probing, the leaf elongation rate was calculated from length differences. Before P probing took place, a piece of sheath (2i10 mm) was removed from the outer leaves in order to expose the growth zone, which had been spread with vaseline. Leaf elongation was assessed again during the night and only those plants whose elongation was 80% of the original rate were used in the experiment. P was also measured on the abaxial epidermal cells of mature leaves, midway between the ligule and the tip.
In Set 2 plants P was measured along the leaf base, on the tillers where the spatial distribution of growth was calculated using pigment ink points deposition (see ' Relative elemental growth rate (REGR) ' in the Materials and Methods section). The distance between marks was measured again at the end of the probing session ; increase in length of the segments where P had been measured indicated that the cells were still expanding. It was checked that the length of the growth zone was not affected by P measurements.
The π of extracted vacuolar sap of mesophyll cells was measured by freezing-point depression (Malone et al., 1989 ; Malone & Tomos, 1992) at different positions along three growing leaves.

At the developmental stage at which leaves were sampled, the length of the growth zone was 32p1 mm (Fig. 1) and the spatial variation of REGR appeared to be slightly asymmetrical with a maximum of 0.071p0.0026 mm mm −" h −" at 18 mm from leaf base. This was consistent with previous results obtained from the same species (Spollen & Nelson, 1994 ; Durand et al., 1995 ; Maurice et al., 1997) . Although measurements were made during the light period, but under non-transpiring conditions, the length of the growth zone during P measurements was not changed. This was consistent with the findings of Schnyder & Nelson (1988) .
Low variability was shown in P measured between 10 and 20 mm from the leaf base, the mean value being 0.53p0.01 MPa (Fig. 1) . At approx. 250 mm from the base, in the lamina of mature leaves, P was 0.87p0.03 MPa.
The REGR and P of two non-transpiring individual tillers were measured simultaneously. In the first case (Fig. 2a) , P was almost identical at 22 and 37 mm from the leaf base (c. 0.55 MPa), although REGR decreased in the same interval from 0.04 to 0.01 mm mm −" h −" . However, at 63 mm (i.e. c. 15 mm beyond the end of the growth zone) P was 0.86p0.01 MPa. In the second tiller (Fig. 2b) , the P value was close to 0.55 MPa in the growth zone at 17 and 22 mm, as found in the previous cases (Figs 1,  2a) . However, at 32 mm, where REGR reached zero, the P value was 0.78p0.01 MPa, and increased to 0.87p0.03 MPa at 57 mm. Therefore, in this case, at the end of the elongation zone P had increased by c. 0.3 MPa within a maximum distance of 10 mm. For both tillers, P was very similar in the maturation zone (just at the end of the growth zone) and in the mature lamina leaves (Figs 1, 2) .
Measuring π at 10, 20, 30 and 50 mm from the leaf base (Fig. 1) gave a mean value of 0.83p0.02 MPa. Variation of π along the first 50 mm of the tillers was c. 0.1 MPa, with a maximum in the region where REGR was highest.

In monocot. leaves, the growth zone is located at the base of the leaf and attached to the tiller base. Thus, water feeding the mature part of the growing leaf must be transported through the growth zone. Using data determined from both sets of plants, it was estimated that the water potential (ψ) in mesophyll cells was close to k0.01 MPa at 50 mm from leaf base (in the mature zone). This indicates that this compartment was in equilibrium with the soil ψ, transpiration being negligible under our experimental conditions. However, ψ of mesophyll cells was k0.3 MPa in the growth zone. Such ψ distribution can only be explained by a high conductivity bypass, through the growth zone, for water to be transported from the tiller base to the mature zone of the leaf, which implies a hydraulic continuity of the xylem throughout the leaf. Using heat pulse transport, Rayan & Matsuda (1988) have drawn the same conclusion in the barley leaf. By contrast, in maize, Evert et al. (1996) concluded that there is no overlap between functional proto-and meta-xylem at the end of the growth zone. Thus, the distal part of the leaf would have no direct connection with the stem by means of differentiated tracheary elements.
Assuming an equilibrium in the whole tissue of the non-transpiring mature part, it can be concluded that the xylem ψ was close to k0.01 MPa all along the leaf. So a radial ψ difference of approx. 0.3 MPa is likely to exist between the protoxylem vessels and growing mesophyll cells. Molz & Boyer (1978) referred to this difference as the growth-induced water-potential gradient. In the same species, using the psychrometric method on leaf segments, Onillon (1993) found a ψ difference of 0.25 MPa in nontranspiring leaves. Using isopiestic measurements, Michelena & Boyer (1982) and Westgate & Boyer (1984) found a ψ difference of 0.3-0.5 MPa between the growth and mature zones in non-transpiring maize leaves. More recently, employing the method used in the current work, Fricke et al. (1997) found a growth-induced water potential of 0.15 MPa in barley leaves. This lower value could have been due to a leaf transpiration which was not zero under their conditions (Westgate & Boyer, 1984) . These data suggest that the hydraulic conductivity of the extravascular pathway is low in the growth zone. It may be partly for this reason that the growth process is so responsive to environmental conditions, as pointed out by Barlow (1986) and Boyer (1988) . Although at the whole leaf level, P was systematically lower in expanding cells than in mature cells, P was not correlated with the local growth rate along the growth zone. This had previously been reported on roots (Triboulot et al., 1995 ; Pritchard et al., 1996) and leaves (Thomas, 1990 , cited by Tomos & Pritchard, 1994 Fricke et al., 1997) . Variations of the cell strain rate at constant turgor suggest parallel changes in wall extensibility. As shown by , the REGR profile paralleled the distribution of radial water flow from the xylem towards growing cells. Hence, the variations of water flow associated with a constant ψ difference suggested proportional changes in hydraulic conductance of the radial pathway along the growth zone, as contemplated by Silk & Wagner (1980) .
The pressure jump associated with the cessation of cell expansion was striking. The cell displacement velocity out of the growth zone was equivalent to the leaf elongation rate (i.e. 1.4 mm h −" ). Hence, it took approx. 7 h for a cell to be displaced by 10 mm at the end of the growth zone. As the osmotic pressure remained high at the end of the growth zone, the new water potential equilibrium of non-growing cells induced a dramatic change in P. The model of Silk & Wagner (1980) predicted such a rapid change in ψ. In fact, data from Volenec & Nelson (1981) and MacAdam et al. (1992) show that secondary cell wall and lignin accumulation occur rather suddenly at the end of cell elongation. This could increase the stiffness of the cell wall, this contributing by itself to prevent further expansion. Such an increase in P is not the norm in plant tissues. In roots, P is usually 0.5 MPa in the growth zone, but it remains constant or decreases slightly as cells move away from the growth zone (Frensch & Hsiao, 1993 ; Pritchard, 1994 ; Triboulot et al., 1997) . It would be interesting to assess whether this higher turgor in mature leaves compared with mature roots could depend on the structural requirements for self support in mature leaves.
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